The social motivation hypothesis posits that individuals with autism spectrum disorder (ASD) find social stimuli less rewarding than do people with neurotypical activity. However, functional magnetic resonance imaging (fMRI) studies of reward processing have yielded mixed results.
S ocial deficits characterize autism spectrum disorder (ASD). The social motivation hypothesis argues that ASD stems from diminished social motivation that occurs because individuals with ASD find social stimuli less rewarding compared with people with neurotypical function. [1] [2] [3] [4] [5] [6] The social motivation hypothesis offers a developmental perspective on how aberrant reward processing might ultimately manifest as social deficits in ASD. The hypothesis posits that, from an early age, children with ASD attend less to social information, such as faces and gaze direction, and thus have decreased opportunities for social learning (eg, decreased engagement in joint attention, collaborative play, friendships), which in turn blunts social skill development. The social motivation hypothesis explains 2 core diagnostic features of ASD: diminished social approach and engagement.
Psychological Studies of the Social Motivation Hypothesis
Much behavioral evidence for the social motivation hypothesis exists. 1 Infants with ASD attend less to people than to background objects in videos, 7 which is also true of adults with ASD. 8 Children with ASD fail to show the typical preference for social over nonsocial sounds. 9 They also demonstrate poorer friendship quality, 10 often develop theory of mind skills later than those without ASD, and continue to demonstrate related social cognition deficits into adulthood. 11 Neurocognitive evidence for the social motivation hypothesis, however, is less clear.
Functional Magnetic Resonance Imaging Studies on Reward Processing in ASD
Functional magnetic resonance imaging (fMRI) studies of the social motivation hypothesis have adopted paradigms from the reward literature, which partitions reward into wanting and liking subprocesses (ie, pursuit and consumption of reward, as in the incentive delay task). Monetary reward studies dominate the human fMRI reward literature, but ASD researchers incorporated social (eg, faces, people) and restricted interest (eg, trains) rewards, reflecting key features of ASD. Reward circuitry includes the ventral striatum/accumbens, dorsal striatum/caudate, anterior cingulate cortex, ventromedial prefrontal cortex, orbital frontal cortex, insula, amygdala, and putamen. 12 The ASD literature on reward processing includes small samples and contradictory results, with evidence for hyperactivation 13 and hypoactivation [14] [15] [16] of reward structures while viewing faces, and opposing results for other types of rewards (eg, monetary). Contradictory results with fMRI are not uncommon in clinical populations, potentially owing to inadequate statistical power 17 and inherent heterogeneity in taxometric conceptualizations (eg, opposing amygdala findings in ASD were later explained by comorbid anxiety 18 ). However, findings from multiple small studies can be combined for increased power by leveraging recent advances in metaanalytic methodology.
Previous fMRI Meta-analyses of ASD
Previous meta-analyses of fMRI findings in ASD [19] [20] [21] [22] [23] [24] [25] usually collapsed across studies in broad domains (eg, social cognition) owing to small numbers of studies at that time. Facilitated by the recent increase of fMRI reports and new meta-analytic methodology, the field is now positioned to benefit from a meta-analysis focused on reward processing. Most previous fMRI meta-analyses in ASD [19] [20] [21] [22] 26 could not include covariates, effect sizes, statistical maps, or opposing findings, but these analyses are now possible with seed-based d mapping (SDM; http://www.sdmproject.com). 27 To our knowledge, the present study represents 1 of the first efforts to apply this new method to ASD. This article quantitatively synthesizes the fMRI evidence for and against impairment in the reward neural circuitry in ASD using case-control studies, offers potential explanations for heterogeneity in past findings, and relates meta-analytic findings to the social motivation hypothesis of ASD. We metaanalyzed the response to social reward, restricted interests, and other types of nonsocial rewards. We hypothesized that, with the statistical power afforded by multiple studies, the ASD group would show hypoactivation to social stimuli in reward circuitry surviving whole-brain correction, despite no such single study findings that we located in the current literature.
Methods

Inclusion of Studies
Search Strategy A literature review was conducted with university librarian assistance in PubMed, PsycINFO, and Embase databases from their inception until June 1, 2017. The search included an ASD term (autis*orasperger*) and functional neuroimaging term (fMRI, functional MRI,o rfunctional magnetic resonance control sample. The remaining 384 abstracts were screened in round 2 by an independent rater (C.C.C. or A.R.Z.) and also subjected to an automated search for the term reward in the title, abstract, or key words. Abstracts not containing the term reward were excluded and classified into other domains, providing a description of the current state of fMRI ASD research. The 27 full-text articles meeting reward criteria were reviewed; 14 of these were excluded because their task did not involve participants receiving a reward in a domain of interest, relevant contrasts between full ASD and control groups were not available, or participants overlapped with other included articles (eMethods in the Supplement identifies excluded articles and reasons). Included studies used a variety of paradigms to interrogate rewards, including passively viewing rewards, reward-based decision making, implicit learning, or rewarded performance on incentive delay, go/no-go, domino, and auditory discrimination tasks ( Table 1) . For the purpose of this meta-analysis, data were pooled across all paradigms.
Data Extraction
For the eligible 13 articles, we requested data from authors for between-group contrasts of rewarded conditions compared with baseline (Table 1) . We received statistical parametric maps from 9 studies (69%); this rate of more than 10% substantially increases the sensitivity to detect activation. 27 From the remaining 4 articles, coordinates and effect sizes of significant between-group activation peaks were extracted, and voxel-level maps of effect sizes and variances were recreated in SDM 27 (eMethods in the Supplement). Two individuals (C.C.C. and A.R.Z. or L.D.Y.) independently extracted data, and discrepancies were handled by consensus and an independent third party (R.T.S. or J.D.H.).
Meta-analysis
Statistical Analysis SDM, version 5.141 software 27 was used because it offers several advantages over other fMRI meta-analytic methods (eMethods in the Supplement). 39 SDM converts t statistical maps to Cohen d effect size, then combines original and recreated study maps using a random-effects model. The model weights studies by their sample size and intrastudy variance, accounting for between-study variance. We report metaanalytic effect sizes as Cohen d for ease of interpretation in figures and the text; SDM-Z statistics and additional figures are available in the Supplement. Statistical significance was assessed using thresholding and permutation tests, following recommendations demonstrated to limit false-positives 27 used in previous meta-analyses. 32,40 Specifically, we applied the recommended thresholds (clusters with z>1.00, minimum cluster size of 10 voxels, uncorrected P < .005, and 20 permutations) within a whole-brain mask. Spatial smoothing (full width at half maximum, 20 mm) was applied for optimal control of true positives and true negatives. 27 Additional jackknife (leave one out) analyses were conducted to assess reproducibility of results. We localized activations using the Harvard-Oxford cortical and subcortical probabilistic atlases implemented in FSLEyes v0.15.0 (Oxford Centre for Functional Magnetic Resonance Imaging of the Brain). Between-study heterogeneity was addressed via a random-effects model, and voxel effects were assumed to vary randomly between studies. All additional analyses were conducted using the metafor package 41 in R.
42
Data Analytic Strategy Our data analytic strategy comprised 3 phases. First, we conducted a domain-general meta-analysis comparing activation between groups with ASD and typically developing controls using 30 contrasts from 13 studies, regardless of reward domain. Multiple contrasts from 1 study were combined into 1 reduced-variance map using previously described methods (eMethods in the Supplement).
32
Next, we conducted 2 domain-specific meta-analyses (eTable 1 in the Supplement) comparing activation from baseline to either social stimuli (n = 7), such as photographs of a person smiling, or nonsocial stimuli (n = 10), such as money or game-relevant reinforcement. Finally, we conducted an exploratory meta-analysis with stimuli related to restricted interests (n = 3), such as videos of trains. For domain-specific analyses, when a study included both wanting and liking results, we selected contrasts from the wanting epoch (Table 1) .
We conducted secondary meta-analyses to explore differences between reward wanting and liking paradigm phases. Analyses included only studies designed to allow for deconvolution of wanting and liking within brain signals (ie, studies using event-related designs; n = 6 of nonsocial and n = 3 of social stimuli).
Secondary Analysis
Exploratory Meta-regression With Sample Characteristics Meta-regression with age explored whether rewardprocessing deficits occur independently of age and whether meta-analytic results are robust to between-study variation in sample age. Most studies matched participants on age, IQ, and sex, or reported that results did not change significantly when these variables were included as covariates (Table 1) . However, differences between samples in age, IQ, or sex could contribute to varying results. Sex and IQ could not be examined in meta-regressions because the included studies showed little variance in mean sample IQ (range, 104-113; <1 SD) and sex (76.9%-100% male; 7 of 13 studies included only males). We conducted post hoc analyses of the correlation between age and mean cluster activation when at least 5 studies in a domain showed activation after removing outliers.
Post Hoc Correlation With ASD Symptom Severity
We assessed the association between ASD symptom severity and aberrant brain activation through correlations between the mean effect size in the primary striatal cluster and the mean score of the ASD group on the Social Responsiveness Scale, a commonly reported severity measure (high scores indicate more severe ASD symptoms and low scores indicate the absence of ASD symptoms). 43 This analysis could be conducted only in the social domain meta-analysis because half of the studies in the nonsocial domain did not provide Social Responsiveness Scale scores. a Domains indicate which contrasts were included in which domain-specific meta-analysis and include social (n = 7), nonsocial (n = 10), and restricted interest (n = 3). Wanting refers to the time period preceding the reward, during which the individual anticipates the reward (eg, moving toward a piece of desirable chocolate). Liking refers to the period during which the individual is receiving and consuming the reward (eg, eating the chocolate). In functional magnetic resonance imaging study design and analysis, these 2 periods cannot always be reliably distinguished; such studies are described here as neither wanting nor liking, but combined. Studies with event-related designs usually analyzed wanting and liking results separately, with exceptions of Carlisi et al, 32 Choi et al, 34 and Scott-Van Zeeland et al. 14 This distinction could not be made in studies with block designs (combined), and these results were excluded from the supplemental analyses of wanting and liking.
b Contrast included in domain-specific meta-analysis presented in main text. All 30 contrasts in the table were included in domain-general meta-analysis; multiple contrasts from 1 study were combined using previously described methods implemented in seed-based d mapping.
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c Unpublished map provided in XBAM software format (as opposed to the more common FSL and SPM software formats); peak coordinates were extracted from XBAM map (eMethods in the Supplement provides details).
d Sex not reported; when contacted, authors noted sex ratio for whole sample only, so females were divided proportionately between ASD and TDC samples
Publication Bias
We assessed publication bias with the Egger test 44 implemented in SDM and visual inspection of funnel plots for significant meta-analysis clusters, using the mean effect size in the cluster from each study. This approach offers only an exploratory assessment of publication bias because, for contrasts without available maps, effect sizes for unreported brain data are unknown and conservatively assumed to be 0, consistent with standard fMRI meta-analytic practice. superior frontal gyrus, insula, putamen, and frontal pole) are available in supplemental materials (eTables 2-4 and eFigures 3-6 in the Supplement). ; the third study in this meta-analysis reported no significant results in this region. 36 Other areas with significant hypoactivation included the left hippocampus, central opercular cortex, and parietal operculum cortex (eTable 4 and eFigure 3 in the Supplement). Hyperactivation was observed in the right thalamus, left frontal pole (eFigure 6 in the Supplement), and left precuneus cortex (eTable 4 in the Supplement). Jackknife sensitivity analyses reflected the small number of studies included; most significant clusters did not survive leaving out either Cascio et al 33 or Kohls et al, 28 indicating that these 2 studies largely drove the results, as expected due to samples twice as large 28 and availability of maps (eTable 4 in the Supplement). The Egger test (bias = −7.05; t 1 = −2.40; P < .25) and funnel plots (eFigures 3-6 in the Supplement) gave no evidence of publication bias.
Results
Characteristics of Included Studies
Decreased Activation to Social Rewards
Reward Disruption During Wanting and Liking Epochs
Secondary meta-analyses showed qualitative differences between wanting and liking of both social and nonsocial rewards (eTables 5-8 in the Supplement). Two notable findings include striatal regions demonstrating opposing findings during wanting and liking, and several hyperactivations during social liking. First, we observed social wanting hypoactivation differences that disappeared during liking in the bilateral caudate, anterior cingulate cortex, left hippocampus, and left frontal pole. We also observed nonsocial wanting hyperactivation differences that disappeared or changed to hypoactivation during liking in the putamen, insula, hippocampus, thalamus, and frontal pole. Second, we observed social liking hyperactivation in the accumbens, amygdala, insula, putamen, amygdala, caudate, frontal orbital cortex, and superior temporal gyrus.
Exploratory Meta-regression With Sample Characteristics When ASD sample age was included as a covariate, a large, hyperactive cluster emerged in the hippocampus and amygdala for both social and nonsocial domains. Other results did not change meaningfully in the nonsocial domain, but all striatal clusters in the social domain were no longer significant. To understand this result, we explored the original caudate hypoactivation finding and observed a large, nonsignificant post hoc correlation with age (r =0 . 6 3 ; P = .13), such that the ASD group showed greater hypoactivation in younger samples for social stimuli. We observed no correlation for nonsocial stimuli (r = −0.03; P =. 94).
Post Hoc Correlation With ASD Symptom Severity
We observed a large, nonsignificant correlation between Social Responsiveness Scale score and activation in the Differences in the caudate, nucleus accumbens, and anterior cingulate shown for social (A and B) and nonsocial (C and D) rewards. Forest and funnel plots reflect the average effect size of voxels in the significant meta-analytic cluster. These 4 results were among the most robust; findings replicated in every jackknife sensitivity analysis (eTables 2-4 in the Supplement). Forest plots depict the contribution of each study to the meta-analytic result. Funnel plots show no evidence of publication bias. Voxels not near a reported peak are conservatively estimated as 0 in studies with unavailable maps. 13, 14, 37, 38 RE indicates random effects.
caudate among 7 studies in the social meta-analysis (r = −0.72; P = .07), such that higher ASD severity correlated with greater hypoactivation.
Discussion
The social motivation hypothesis posits deficits in processing social rewards among individuals with ASD. Our metaanalysis reveals that individuals with ASD show neural differences in processing not only social, but also nonsocial and potentially restricted interest, rewards. Our results resolve prior inconsistencies in the fMRI literature and suggest that rewardprocessing differences extend beyond the social domain, potentially leading to domain-general motivation differences. These 2 contributions pave the way for future studies of reward processing in ASD. This meta-analysis provides what we believe to be the strongest current fMRI evidence evaluating the social motivation hypothesis of ASD. We augmented the existing litera- Figure 2A and B aggregated across domains. In the caudate, individuals with ASD showed hypoactivation to social stimuli (blue), nonsocial stimuli (yellow), and hyperactivation to restricted interest stimuli (red) compared with controls. In the nucleus accumbens, individuals with ASD showed hypoactivation in the right hemisphere to nonsocial stimuli (yellow) and hyperactivation in the left to restricted interests (red). No significant cluster involving the accumbens was observed in the social meta-analytic results. In the anterior cingulate cortex, individuals with ASD showed hypoactivation to social stimuli, nonsocial stimuli, and restricted interest stimuli, compared with controls. RE indicates random effects.
Evaluation of the Social Motivation Hypothesis of Autism
Original ). No clear similarities among these studies emerged in paradigms or sample characteristics, suggesting that the association may be robust to different paradigms and sample characteristics.
Extending the Social Motivation Hypothesis
Early formulations of the social motivation hypothesis focused on differences in reward processing in the social domain.
2,47 Social impairments are cardinal features of ASD, but it is possible that atypical reward processing contributes to the development of restricted interests, sensory interests, and other symptoms encompassed by the ASD phenotype, as described in more recent conceptualizations of the social motivation hypothesis. 5, 6, 36, 48, 49 Early research characterized children with ASD as hyperfocused on objects, 50 and children as young as 12 months who later develop ASD already show atypical object exploration, with more attention to interesting sensory components. 51 Increased attention to objects may lead to increased object motivation and, given the competition between objects and social stimuli for attention in the everyday environment, to decreased social motivation in line with the social motivation hypothesis. The early developmental trajectory toward decreased social motivation may mirror trajectories toward other atypical motivations: restricted interests elicited hyperactivation of reward circuitry in this metaanalysis, other types of nonsocial rewards also showed hypoactivation, and there is preliminary evidence of altered processing of primary rewards, such as images of food.
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Based on previous publications 5, 6 ,36 and our current evidence, we suggest that the field adopt a broader view of the social motivation hypothesis that includes altered processing of social and nonsocial rewards. We hope that this perspective will spark research on the differences between approach and avoidance motivation for appetitive or aversive stimuli; how processing differs across types of nonsocial rewards, including restricted interests; how reward processing impairments mediate gains in reward-based therapies, such as applied behavior analysis; and the role of motivation in individual differences observed in clinics (eg, aloof vs active but odd
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). It remains unlikely that a single cognitive or neural mechanism could explain development and maintenance of all ASD symptoms 53 in all individuals.
Wanting and Liking
Reward is not a unitary construct, psychologically or neurobiologically. 54 It consists of a wanting phase (also called anticipatory drive) and a liking phase (related to the pleasurable effect of reward consumption 54 ), with the former being most strongly tied to social motivation deficits in ASD. 4 Disentangling these phases with fMRI requires event-related designs. Our exploratory meta-analysis of the 6 studies using such designs suggested striatal hypoactivation during wanting and hyperactivation during liking of social stimuli. Additional studies are needed to fully understand differences between social wanting and liking.
Moderators
After controlling for age across studies, some striatal hypoactivation for individuals with ASD in the social domain was no longer significant. Post hoc correlations suggest that younger people with ASD may show greater differences in striatal activation during reward tasks, but this result requires replication and is presented to spark further study. 
Limitations
Domain-specific meta-analyses would have benefited from larger sample sizes. However, most authors that we contacted provided original statistical maps, rendering us sufficiently powered to assess differences with as few as 4 or 5 studies. 27, 67 With more than 500 study participants, to our knowledge, this meta-analysis currently stands as the largest fMRI analysis of reward processing in ASD. We were restricted to qualitative comparisons between social and nonsocial reward domains because imaging metaanalytic methods do not yet allow for quantitative comparisons between meta-analyses using studies as subjects, owing to missing study variance data. However, results in most regions were sufficiently clear to enable qualitative comparisons across domains.
Another limitation concerns between-study heterogeneity owing to differences in paradigms, which is often underestimated in meta-analysis. Ideally, this meta-analysis would include only studies using the same experimental paradigm (ie, incentive delay task 13, 16, 28, 35, 36 ). However, the literature is too small to offer large sets of similar, replicated stud-ies. Thus, we combined studies that used different paradigms ( Table 1) . The included studies also differed in the salience of the reward, with some using static photos and strangers, others providing videos and familiar people or personalized restricted interests, and some using aversive stimuli. 35 Despite paradigm heterogeneity, we believe that using broader inclusion criteria to increase statistical power contributes meaningful fMRI results to reward-processing literature that often must compare results across different modalities (eg, fMRI, electroencephalographic, and behavioral). Finally, many authors provided statistical maps, but some maps were unavailable. For these contrasts, we needed to estimate SDs of activation effect sizes, thereby limiting precision of meta-analytic study weights and usefulness of forest plots. This estimation should be considered when reviewing the results; however, it is unlikely to introduce bias because there was no apparent association between provision of maps and the study's results. Most prior ASD meta-analyses relied entirely on estimation of SDs, among other necessary approximations, and this image-based meta-analysis represents a step forward in meta-analysis of ASD fMRI data.
Conclusions
Our meta-analysis synthesizes a growing literature and shows aberrant neural processing of social, nonsocial, and potentially restricted interest rewards in individuals with ASD. These results offer what we believe to be the first fMRI evidence of domain general reward processing deficits in ASD, supporting a broader interpretation of the social motivation hypothesis. We also suggest that the literature's heterogeneity might be addressed by study of the effects of age, sex, and IQ on reward processing in ASD. Role of the Funder/Sponsor: The National Science Foundation had no role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and decision to submit the manuscript for publication. This supplementary material has been provided by the authors to give readers additional information about their work.
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Search Strategy
The specific search syntax is provided for PubMed, and was adapted appropriately for each database: "(autis* The asterisk represents a wildcard character, allowing for both autism and autistic disorder as well as variations of Asperger (Asperger's, Aspergers).
No additional screening criteria (e.g., "Humans" or "English") were imposed in order to avoid excluding qualified articles that were not MedLine indexed and thus not tagged Human or English. Identification of conference abstracts and dissertations was enabled in Embase and PsycInfo. Authors were asked to provide unpublished data.
The following articles met criteria for inclusion in the reward domain (n=27), but were excluded for the following reasons: task did not involve receiving reward in a domain of interest, [1] [2] [3] [4] [5] [6] [7] relevant contrasts between full ASD and TDC groups were not available, [8] [9] [10] [11] or subjects overlapped with other included papers.
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Classification of Studies
Findings were classified by reward type: social, nonsocial, or restricted interest. Stimuli that clearly were neither social (e.g., did not involve a photo or video of another human) nor of restricted interests were classified as nonsocial.
Findings were also classified as anticipation of reward ('wanting') or consumption of reward ('liking') based on the original authors' classification. We classified studies as 'combined' when wanting and liking epochs could not be disentangled either due to block design [15] [16] [17] or the analytic approach. [18] [19] [20] [21] These studies were included in the primary analysis of domains and excluded from the secondary analysis of 'wanting' and 'liking.'
Data Analysis
Selection of meta-analytic software. We elected to use Seed-based d mapping software (SDM) 22 for analysis because SDM offers several advantages over other fMRI meta-analytic methods such as multilevel kernel density analysis (KDA) and activation likelihood estimation (ALE and Ginger ALE), 23 All of these voxel-based methods allow combination of each study's peak activation coordinates, weighted by sample size. SDM further offers inclusion of statistical maps when available, which increases sensitivity to detect real activation. 24 SDM also accounts for the effect size of each peak coordinate by including not only coordinates, but also t-statistics (or maps when available), a capability not yet available in the current version of a commonly used alternative, Ginger ALE, to our knowledge. 23 Furthermore, SDM addresses opposite findings of hypo-and hyperactivation of the same region by creating a single integrated set of maps, while some other approaches handle opposite findings by reporting both positive and negative activation in the same region, rendering interpretation difficult. SDM also offers assessment of both within and between study variance. Finally, SDM alone handles covariates such as IQ and autism severity with meta-regression, which permits exploration of age and IQ differences between the studies' samples.
Peak coordinate extraction. We extracted activation peaks and coordinates from publications when statistical maps were unavailable. Data extraction included only significant clusters that survived whole brain correction to avoid bias toward regions of interest that were more liberally thresholded, consistent with methods of previous meta-analyses. 25 Nonsignificant and unreported findings were conservatively included as effect sizes of zero across the entire brain so as to avoid bias toward activation by omitting such findings. Coordinates presented in Montreal Neurological Institute (MNI) space were converted to Talairach space with the Brett conversion during analysis in SDM. Effect sizes reported as Z values were converted to tstatistics using the t-calculator provided by SDM, which accounts for sample size and covariates. 22 One study did not report individual effect sizes for each of the significant peak coordinates. Schmitz et al., 21 reported one set of significant peak activation coordinates without a t-statistic. The corresponding t-statistic (t=1.3) was estimated via the imputation method provided by SDM that utilizes the mean effect sizes of peaks and sample sizes from other studies in the meta-analysis.
Carlisi et al. 20 provided XBAM maps and text files of significant peak coordinates and effect sizes output by XBAM for an unpublished contrast of interest. The effect sizes reported by XBAM for peak coordinates were converted to t statistics using the method described by Sato, 2007. 26 Recreation of statistical maps from peak coordinates. For each contrast from each study, a statistical map was recreated in SDM using extracted peak coordinates as input. For a detailed description of this method, which uses anisotropic kernels, see Radua et al., 2014. 25 Briefly, this method estimates activation effect sizes in voxels neighboring the peak coordinate using a combination of the effect size at the peak coordinate, the distance of the neighboring voxel from the peak, and a map of correlations between voxels throughout the brain.
Studies presented between one and four contrasts. For example, Delmonte and colleagues 27 presented social wanting, social liking, monetary wanting, and monetary liking. For the domain-general analysis, all contrasts from a study such as Delmonte et al. were combined into a single map with reduced variance using the method implemented in SDM software and described in detail in the supplement of Carlisi et al. 28 Briefly, the method involves averaging the effect sizes in different maps to produce a single new map, then adjusting the variance of the new map by accounting for the correlation between the maps. Combined maps reflect aggregated findings and reduced variance. Thus, the domain-general meta-analysis included 13 maps from 13 studies, collapsing across different domains of reward.
Extraction of other data. We extracted additional data from all articles including reward type, reward epoch, sample sizes, age, IQ, percent male, any measures of ASD severity (SRS, SCQ, AQ, or ADOS scores), participant inclusion and exclusion criteria, analysis program (FSL or SPM), and coordinate space. Numerous other data suspected to contribute to between-study variation were initially extracted, such as scanner type and data acquisition parameters. We chose to use a random effects model to account for such between-study heterogeneity.
Effect sizes. Meta-analytic statistical maps generated by SDM represent effect sizes as SDM Z statistics, which are not necessarily normally distributed. SDM can convert SDM Z statistics to traditional Hedge's d effect sizes for clusters selected for extraction. We utilized this functionality when creating forest and funnel plots for ease of interpretation. Peak coordinate tables in the supplement present effect sizes for all clusters, including those in figures, as SDM Z for ease of reproducibility.
Significance testing. SDM generated significance tests for each voxel based on randomization of voxel location within the standard whole brain template. Specifically, permutation tests involved repeatedly randomizing all voxels within the full brain to generate a null distribution of activation, then comparing observed activation effect sizes to the null distribution. P values in supplementary tables reflect results of these permutation tests. P values of 0.005 (uncorrected) generated within this context are analogous to corrected P values of 0.05. We employed the combination of thresholds (clusters with Z>1.00, minimum cluster size of 10 voxels, uncorrected p<0.005, 20 permutations, and full width at half maximum=20mm) that offer an optimal balance between type I and type II error, as demonstrated by simulation studies. In sensitivity analysis, the study 'left out' is indicated by the name of the first author. Results that replicated without a study are noted with an "x" and results that were no longer significant are noted with an "o". a Superscripts denote regions that did not reach significance in the full meta-analysis, but appeared in several sensitivity analyses and/or regression. Peak coordinates and effect sizes are reported from the age regression, and from the jackknife Scott-Van Zeeland sensitivity analysis when the cluster did not appear significant in the age regression (i.e., left putamen).
American Medical Association All rights reserved x x x x x x x x x x x Peak coordinates are reported for clusters ≥25 voxels. In sensitivity analysis, the study 'left out' is indicated by the name of the first author. Results that replicated without a study are noted with an "x" and results that were no longer significant are noted with an "o". a Superscripts denote regions that did not reach significance in the full meta-analysis, but appeared in several sensitivity analyses and/or regression. Peak coordinates and effect sizes are reported from the jackknife Delmonte sensitivity analysis. In sensitivity analysis, the study 'left out' is indicated by the name of the first author. Results that replicated without a study are noted with an "x" and results that were no longer significant are noted with an "o". Meta-regressions were not performed due to the small number of studies. a Superscripts denote regions that did not reach significance in the full meta-analysis, but did reach significance in the jackknife Dichter sensitivity analysis. This difference likely occurred because the coordinates-based Dichter study assumed zero activation differences unless nearby peaks were reported, conservatively biasing the full meta-analysis toward null findings. o Peak coordinates are reported for clusters ≥25 voxels. In sensitivity analysis, the study 'left out' is indicated by the name of the first author. Results that replicated without a study are noted with an "x" and results that were no longer significant are noted with an "o". In sensitivity analysis, the study 'left out' is indicated by the name of the first author. Results that replicated without a study are noted with an "x" and results that were no longer significant are noted with an "o". o Peak coordinates are reported for clusters ≥25 voxels. In sensitivity analysis, the study 'left out' is indicated by the name of the first author. Results that replicated without a study are noted with an "x" and results that were no longer significant are noted with an "o". eFigure 1. Study Flow Diagram PRISMA flow diagram depicting systematic review process and results. ASD indicates autism spectrum disorder; EF, executive function; fMRI, functional magnetic resonance imaging; and TDC, typically developing controls. eFigure 3. Differences Between ASD and Control Samples in the Hippocampus and Amygdala eFigure 3 depicts significant activation differences between ASD and control samples across three types of reward in the hippocampus and amygdala. These structures are presented together because significant clusters included parts of both of these reward circuitry structures. Plots depict the overall effect size of all voxels in the cluster that showed significance in permutation testing (see eTables 2-4). Compared to the control sample, the ASD sample showed significant hypoactivation (cool colors) to social rewards and restricted interests, and hyperactivation (hot colors) to nonsocial rewards. All effect sizes were small. In coronal slices, the left hemisphere is depicted on the right.
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American Medical Association All rights reserved eFigure 4. Differences Between ASD and Control Samples in the Superior Frontal Gyrus eFigure 4 depicts significant activation differences between ASD and control samples across three types of reward in the superior frontal gyrus. Plots depict the overall effect size of all voxels in the cluster that showed significance in permutation testing (see eTables 2-4). Compared to the control sample, the ASD sample showed significant hypoactivation (cool colors) to social rewards and hyperactivation (hot colors) to nonsocial rewards. *We observed no significant clusters including the superior frontal gyrus in the restricted interests domain. Instead, we present the null group activation differences within the cluster that was significant in the nonsocial condition, demonstrating differences across conditions; the ASD sample showed significant superior frontal gyrus hyperactivation to nonsocial reward, but few activation differences in any studies to restricted interest rewards. In coronal slices, the left hemisphere is depicted on the right. eFigure 5. Differences Between ASD and Control Samples in the Insula And Putamen eFigure 5 depicts significant activation differences between ASD and control samples across three types of reward in the insula and putamen. These structures are presented together because significant clusters included parts of both of these reward circuitry structures. Plots depict the overall effect size of all voxels in the cluster that showed significance in permutation testing (see eTables 2-4). The ASD sample showed significant hyperactivation (hot colors) compared to the control sample in the insula and/or hippocampus in response to all three types of rewards: social, nonsocial, and restricted interests. We observed heterogeneity in the nonsocial domain, in which hypoactivation was observed in the right hemisphere, and hyperactivation in the left. In coronal slices, the left hemisphere is depicted on the right. eFigure 6. Differences Between ASD and Control Samples in the Frontal Pole eFigure 6 depicts significant activation differences between ASD and control samples across three types of reward in the frontal pole, also seen clearly in eFigure 2. Plots depict the overall effect size of all voxels in the cluster that showed significance in permutation testing (see eTables 2-4). Compared to the control sample, the ASD sample showed significant hyperactivation (hot colors) to nonsocial and restricted interest rewards. *We observed no significant clusters that included the frontal pole in the social condition. Instead, we present the null group activation differences within the cluster that was significant in the nonsocial condition, demonstrating differences across conditions; the ASD sample showed significant frontal pole hyperactivation to nonsocial and restricted interest rewards that was consistent across all included studies. In contrast, individual social domain studies reported both hyper-and hypo-activation (n=3 and n=2, respectively), resulting in an aggregate null effect. In coronal slices, the left hemisphere is depicted on the right.
